Studies have been made of the removal of minor amounts of H 2 S from natural gas by activated carbon. The surface alkalinity of the carbon had a considerable effect on the H 2 S capacity, although this was not permanent. Thus, when the carbon surface became neutral, the H 2 S content remained constant after the initial cycles of the purification/regeneration operation. The presence of water in natural gas was found to be critical for the use of activated carbon as a means of sweetening natural gas. However, although it enhanced the H 2 S capacity of the carbon, it made regeneration of the latter very difficult.
INTRODUCTION
It is common practice in the chemical industry to remove trace contents of H 2 S from gases using activated carbon (Kohl and Riesenfeld 1985) . Indeed, an important task for the construction of any CNG (compressed natural gas) vehicle transportation system is the thorough removal of H 2 S from the natural gas at the fuel station. Although natural gas is already sweetened initially before entering the fuel station, it generally contains a small content of H 2 S (~100 ppm) and moisture, which must be removed before the gas is compressed to a pressure of 20 MPa or even higher. Activated carbon has been considered a good adsorbent for removing both H 2 S and moisture, and experiments concerning its sorption capacity have been undertaken in our laboratory. Attention was paid to the effect of the surface alkalinity of the activated carbon, the effect of moisture on the H 2 S capacity and the conditions necessary for regenerating the carbon, the latter being an important point in choosing the best adsorbent. The surface alkalinity of the carbon had a major effect on the H 2 S capacity, but only for the first few initial cycles. The most important factor in the selection of an activated carbon as an adsorbent for sweetening natural gas is its moisture content, since this has a major effect in enhancing the H 2 S capacity although it makes regeneration of the carbon difficult.
Although different explanations have been advanced regarding the mechanism of H 2 S removal by activated carbon (Tanada and Boki 1974; Meeyoo et al. 1995; Bandosz 1998; Adib et al. 1999a Adib et al. ,b, 2000 Meeyoo and Trimm 1997) , the results reported here are worthy of consideration in selecting adsorbents for sweetening equipment for natural gas.
EXPERIMENTAL
To study the performance of an activated carbon sample in removing H 2 S, the corresponding breakthrough curves for the gas were measured using the experimental set-up shown diagrammatically *Author to whom all correspondence should be addressed. E-mail: zhouli@public.tpt.tj.cn. in Figure 1 . The principal part of the set-up, i.e. the adsorbent bed, consisted of a stainless-steel tube (i.d., 4 mm; length, 100 mm; wall thickness, 1 mm). This was thoroughly cleaned before being filled with the adsorbent under study. A T-type thermocouple (TC) and a pressure transmitter (PT, model PAA-216, Keller, Switzerland, 0.1% precision) buried in the adsorbent bed were used to measure the temperature and pressure of the latter, respectively. The temperature of the adsorbent bed could be increased to above 280ºC via an electrical heating tape surrounding the bed.
Two inlets were provided for gases; one for natural gas and the other for a mixture of H 2 S and methane. The natural gas had the following composition: 93.82% CH 4 , 0.60% C 2 H 6 , 3.38% N 2 and 2.20% CO 2 . The H 2 S content in the methane mixture was 1340 ppm. The flow rates of the two streams were controlled separately by the mass-flow controllers MFC-1 and MFC-2 (model SY-9312, Sheng-Ye Co., Beijing, 1.5% precision) which allowed a H 2 S content of 100 ppm to be achieved in the merged gas stream. The adsorption pressure was controlled at a specified value (0.4 MPa) by the back-pressure valves BPC-1 and BPC-2 situated in the two branches. The addition of moisture to the natural gas for some runs was achieved by allowing the gas to bubble through a bubbler (BL) before mixing it with the methane/H 2 S stream.
Stainless-steel capillary tubing of 3 mm o.d. was used to connect the various components in the set-up. The relevant temperature, pressure and flow rate data were fed into a computer via LabCards and recorded continuously. The composition of the mixture emerging from the adsorbent bed was analyzed by means of a gas chromatograph. The initial alkalinity of the carbon surface was established by placing 0.4 g activated carbon in 20 cm 3 distilled water and agitating the mixture for 10 h. After this time, the mixture was filtered and the pH of the filtrate measured using a PHS-3B model pH meter.
The performance of six samples of activated carbon, i.e. K01, K02, K04, K05, K06 and K07 as manufactured by Hainan Environment Protection Technology, Inc., in sweetening wet natural gas was examined. The specifications of the various samples studied are listed in Table 1 .
RESULTS AND DISCUSSION

Influence of surface alkalinity
Breakthrough curves were measured for each sample at 19ºC and a bed pressure of 0.4 MPa to test the H 2 S capacity of the samples in sweetening wet natural gas (Chen 2001 ). The results obtained From the data listed in the table, it will be seen that the pH value of the carbon surface was an important factor in determining the H 2 S capacity of the activated carbons studied towards the sweetening of wet natural gas. There was little difference between the specific surface areas of the carbon samples with the exception of K04, which had a much larger surface area than the other samples studied. However, its retention time was even less than that of sample K05 with a much smaller surface area. It will be seen that whether an activated carbon exhibited a large H 2 S capacity seemed to depend on whether the pH of its surface was greater or less than a value of 7.0. The H 2 S capacities of samples K06 and K07 with surface pH values less than 7.0 were very small relative to those of the other samples studied which all had pH values of ca. 10.
This difference was believed to arise from the following mechanism (Hedding and Rao 1976) . Moisture was first adsorbed in the sample pores where a thin film of water formed. The H 2 S in the gas stream dissolved in this water film when the following dissociation occurred:
However, some other factors must affect the H 2 S capacity of the activated carbon since samples K01, K02, K04 and K05 whose surface pH values showed little difference exhibited a 2-3.5-times difference as far as their Tr values were concerned.
To study the effect of surface alkalinity further, activated carbon K05 was washed with water until its surface pH value had changed from 9.88 to 7.68. However, despite such washing, its specific surface area remained unchanged. This washed sample is referred to as AC-K05 below. A H 2 S breakthrough curve for dry natural gas was measured on this washed sample and is shown as curve a in Figure 3 . Curve b in this figure is the breakthrough curve obtained before washing sample K05. The data depicted indicate that the surface alkalinity of the activated carbon affected not only the adsorption of H 2 S from wet natural gas, but also from the dry gas. Thus, the retention time fell from 2880 s before washing to ca. 800 s after washing. The fall in the value of the surface pH induced by the washing procedure was believed to be the major reason for the decrease in the retention time.
The effect of surface alkalinity of the carbon was also apparent in multicycle purification/ regeneration experiments. Thus, the purification/regeneration cycle was repeated six times on AC-K05 using dry natural gas with H 2 S breakthrough curves being measured for each cycle. As shown in Figure 4 , the H 2 S retention time in the bed decreased with the number of cycles, although a constant value was approached after the fourth cycle. This is explained by the variation in the surface pH value as recorded in Table 2 . Indeed, the decrease in the H 2 S capacity depicted in Figure 5 was caused by the decrease in the surface alkalinity of the carbon adsorbent. It may therefore be concluded that the basic groups on the carbon surface diminish systematically because of their reaction with acidic H 2 S. Hence, the high H 2 S capacity exhibited by carbons with a higher surface pH value is not a constant factor and certainly cannot be employed as the basis for the design of an industrial sweetening adsorption column. For carbon K05, the number of g H 2 S adsorbed per g activated carbon decreased with the number of purification/regeneration cycles, but gradually approached a constant value. This constant H 2 S capacity exhibited by all the carbons studied corresponded to a surface pH value of ca. 7, i.e. when the carbon surface was neutral.
Influence of moisture
To study the effect of moisture on the performance of activated carbon in sweetening natural gas, a breakthrough test was carried out employing activated carbon K05. In this experiment, the stream of natural gas was thoroughly dried before it entered the adsorbent bed although all other conditions were maintained unchanged. The corresponding breakthrough curve obtained is shown as curve b in Figure 6 where breakthrough curve a was that obtained when sample K05 was used for treating wet natural gas. It will be seen that the retention time for dry natural gas fell to a value of 2880 s which was much less than that observed during the treatment of wet natural gas (6900 s). In addition, the breakthrough curve exhibited a change in slope when the H 2 S capacity of the activated carbon had been saturated with dry natural gas. Such a change did not appear in the breakthrough curve obtained during the treatment of wet natural gas. The existence of moisture in natural gas has a considerable effect on the regeneration of activated carbon after its saturation with H 2 S. The possibility of and the conditions necessary for the regeneration of adsorbents are important considerations in selecting appropriate adsorbents useful for industrial separation/purification applications. This is particularly true if the cost of the adsorbent is an important consideration. It was found that the regeneration of an activated carbon saturated with H 2 S from wet natural gas was very difficult. No H 2 S could be detected in the effluent gas from runs conducted with wet natural gas when hot streams of natural gas at temperatures up to 280ºC were used to back-flush the saturated adsorbent bed. After cooling the adsorbent bed subjected to such treatment, it was found that its retention time towards H 2 S was now zero. Hence, if activated carbon was used to remove H 2 S in the presence of water, it was impossible to regenerate the saturated activated carbon by simply back-flushing with a hot natural gas stream. This is attributed to the fact that the adsorption of H 2 S on activated carbon in the presence of water occurs via a chemical process as depicted in equation (1) rather than a physical process as may have been expected. However, in the absence of water, it is possible to regenerate the H 2 S-saturated activated carbon by back-flushing at 230ºC with a hot stream of natural gas. In this case, H 2 S was detected in the effluent gas and the adsorbent bed was regenerated. 
CONCLUSIONS
The following conclusions may be derived from the results obtained:
1.
The surface alkalinity of activated carbon has a considerable effect on its H 2 S capacity. The greater the pH value of the surface, the larger the capacity of the activated carbon concerned. However, the carbons studied were incapable of maintaining a high H 2 S capacity for any length of time. This capacity decreased with the number of purification/regeneration cycles conducted on the carbon sample and was associated with a decrease in the surface pH of the latter until a neutral value was attained.
2.
The presence of water had a considerable effect on the performance of activated carbon in sweetening natural gas. Although the adsorption of H 2 S on a given activated carbon was greatly enhanced, subsequent regeneration of the carbon was difficult.
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